ABSTRACT
INTRODUCTION
A variety of molecular methods have been developed for tracking specific microorganisms in environmental samples (3, 14) . Promising methods are now available for the detection of genetically modified microorganisms (GMMs) that are tagged with a specific gene sequence, such as the bacterial luciferase gene ( lux ) or the firefly luciferase gene ( luc ). The firefly luciferase gene is an ideal marker for tagging GMMs targeted for release into nature, since it is absent from the indigenous microbial flora. This specificity is an absolute requirement for detection of DNA by polymerase chain reaction (PCR) amplification, currently the most sensitive method for detection of unique DNA sequences in environmental samples (7, 20) .
Recently, molecular methods have been used successfully to monitor luctagged cyanobacteria in Baltic Sea microcosms (8) . The tagged cells were detected in sediment and water samples on the basis of their unique DNA (by PCR) or by their unique phenotype (light emission catalyzed by the luciferase enzyme). Both methods were found to be rapid, sensitive and more reliable than plate counting of the cyanobacterium Synechocystis 6803-luc (8) .
Although PCR gives an indication of the presence of target DNA, it has not until recently been possible to use PCR for the quantitation of cells (or DNA copies) in complex samples. Currently, there are various PCR techniques available for the quantitation of DNA in the environment. The most probable number (MPN) technique, in combination with PCR, has been used to quantitate Frankia spp (10, 12) and E. coli (16) in soil. The major drawback of MPN-PCR is the multiple amplification reactions that have to be carried out for each determination to obtain statistically significant values.
Wang and coworkers (25) have developed an alternative approach to quantitative PCR by incorporation of an internal standard into each PCR vial to compensate for differences between samples. This procedure is now referred to as competitive PCR, or cPCR, since the internal standard (competitor DNA) is designed to be as similar to the target DNA as possible, with the same primer binding sequences, so that the internal standard competes with the target DNA for amplification reagents during PCR (2, 11) . The competitor DNA must be distinguishable from the target DNA, for example, on the basis of size difference.
Leser and coworkers (5, 6) have recently demonstrated the use of cPCR for the quantification of Pseudomonas sp., extracted from marine water and sediments, respectively. Quantitation was based on the use of individual standard curves, with the number of cells inoculated into the sample plotted vs. the resulting cPCR ratio, when a fixed number of competitor DNA molecules had been added to the PCR amplification tube. This strategy requires a new standard curve for each individual environmental sample to be investigated, since the DNA extraction efficiency is known to vary for different sample types (1, 17, 22) .
One way to account for this variation in extraction efficiency is to co -extract the competitor molecules together with target DNA. Simon and coworkers (18) co-extracted E. coli cells (containing competitor DNA) prior to cPCR to enumerate the total number of indigenous endomycorrhizal fungi in roots.
The present investigation was directed towards the development of a quantitative PCR method for environmental samples that is accurate, precise and independent of sample type.
MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
The luc gene was stably inserted into the chromosome of Synechocystis 6803 by homologous recombination using the plasmid construct pAM245. The resulting mutant strain, Synechocystis 6803-luc , and its growth conditions have been described previously (8) .
For some experiments, Synechocystis6803-luc cultures were carbonstarved to mimic low nutrient conditions encountered in the environment. A 10-mL aliquot of a log phase culture (OD 730 , 1.3) was washed and resuspended in 25 mL of dilution buffer (0.1 M NaPO 4 [pH 8.0], 0.05% Triton ® X-100) in a 50-mL tube wrapped in foil. The cells were incubated 3 days at 30°C while rotating. The cell number was determined by microscopic counting, since cells that had been carbonstarved could not be retrieved on agar plates for plate counting.
Competitor DNA Standard
Plasmid pJJ303, a derivative of pGEM ® -luc(Promega, Madison, WI, USA) has been described elsewhere (7) . The competitor DNA for use as an internal standard was constructed by inserting a 37-bp BamHI-Hin dIII fragment from pGEM-luc , containing a polycloning site, into an Eco RV site integral to the nested primer binding sites in the luc gene of pJJ303. The resulting construct, pJJ304, was transformed into E. coliDH5 α competent cells, and transformants were confirmed by the absence of bioluminescence and by correct Sal I-Not I digestion patterns; the polycloning site contributed a unique Not I site. In this study, we refer to pJJ303 or lu c-tagged cells as "target DNA", whereas pJJ304, having a modified luc gene sequence, is referred to as "competitor DNA" or "internal standard".
Addition of Cells to Sediment
Sediment samples were taken from intact Baltic Sea sediment-water microcosms as previously described (7) . Stocks of cells at appropriate dilutions in dilution buffer were usually stored at -20°C before addition to sediment. Frozen cells were slowly thawed on ice, and 100-µ L aliquots were added to duplicate 2-mL screw-cap microcentrifuge tubes (Sahrstedt, Nümbrecht, Germany) containing 0.5 g sediment and thoroughly mixed.
Extraction of Total DNA
The protocol for extraction of DNA from sediment was modified and streamlined based on protocols previously described (9, 19) . Microbial cells in 0.5 g sediment were lysed by bead beating at the maximum speed using a Mini-BeadBeater ® (Biospec Products, Bartlesville, OK, USA) for 10 min in the presence of the following: 1. For "co -extraction" cPCR experiments, linearized pJJ304 DNA was added to the sample at this stage and co -extracted together with the sediment DNA as described below.
DNA was extracted with 350 µ L of phenol (pH 8.0, no salt added; Appligene, Gaithersburg, MD, USA), and the supernatant was reextracted with equal volumes of phenol:chloroform (1:1), followed by an additional extraction with chloroform:isoamyl alcohol (24:1). The original sediment pellet was reextracted with 700 µ L 0.5 M Tris-HCl, 0.1 M NaCl (pH 8.0), and the supernatant was extracted with phenol:chloroform and chloroform: i soamyl alcohol as described above. DNA in the combined supernatants was precipitated with 700 µ L isopropanol at -80°C for a minimum of 0.5 h. The DNA was further purified using the Wizard ™DNA Clean-Up System (Promega) as previously described (7, 8) .
DNA was extracted from liquid cultures as above, but the phenol addition was larger (600 µ L) to ensure partitioning of the glass beads into the organic phase.
Design of PCR Primers
Outer and inner primers were designed for nested PCR amplification to result in amplified products of the desired size for visualization on agarose gels (>200 bp and <1000 bp). The outer PCR primers were 5 ′ -ACA AGG ATA TGG GCT CAC TG and 5 ′ -CGG TAA GAC CTT TCG GTA CT, and the inner PCR primers were 5 ′ -ACT GGG ACG AAG ACG AAC AC and 5 ′ -ACT TGA CTG GCC ACG TAA TC. The outer primer pair resulted in 571-and 608-bp PCR-amplified fragments for target and competitor DNAs, respectively. The inner primer pair resulted in PCR-amplifiedproducts of 244 and 281 bp, respectively.
PCR Amplification Protocol
The cPCR amplifications were performed in HotStart 50 ™ tubes (Promega). The PCR mixture was divided into two portions. The lower portion contained the following (all final concentrations for a 50-µ L reaction mixture): 5% glycerol; 3 µ L of 10 ×PCR buffer (Boehringer Mannheim, Mannheim, Germany), plus extra MgCl 2 to 2.5 mM; 0.2 mM of dATP, dCTP, dGTP and 0.4 mM of dUTP; 0.5 mM each of the primer pairs and 1 U of uracil-DNA-glycosylase (UNG; Boehringer Mannheim). The upper portion contained 2 µ L of 10 × buffer, 2.5 U of Taq DNA Polymerase (Boehringer Mannheim) and 18 nM of [ α -32 P]dCTP 3000 Ci mmol (Amersham International, Little Chalfont, Bucks, England, UK). The upper and lower reaction mixtures were adjusted with water to final volumes of 20 and 30 µ L, respectively.
Sample (and competitor DNA for "post-extraction" PCR) were added to the lower reaction mixture in 1-µ L aliquots. The cPCR tubes containing all reagents for the lower 30-µ L portion were incubated in the block of a MiniCycler ™ (MJ Research, Watertown, MA, USA) at two temperatures, 30°C and 95°C, for 15 min each; the final incubation melted the wax layer and inactivated the UNG enzyme. Finally, Taq DNA polymerase and [ α -32 P]dCTP were added at room temperature on top of the wax layer.
Research Repo r ts
The PCR cycling program was as previously described (8) except for an additional, final 30-min renaturation step, with the temperature programmed to gradually decrease from 95°to 50°C to minimize double-stranded hybrids between target and competitor PCR products.
One microliter of a 10-fold dilution of amplified DNA from the first round of PCR cycling was added to the lower part of a fresh reaction mixture (without UNG) for nested PCR.
Phosphor Imaging and Quantification of Amplified PCR Products
The PCR-amplified DNA products (25 µ L) were separated by gel electrophoresis on a 2.5% MetaPhor ® agarose gel (FMC BioProducts Europe, Copenhagen, Denmark).
Before phosphor imaging, the gel was soaked in TBE buffer, containing 10% glycerol for 15 min. Simultaneously, two cellophane sheets (Kem-EnTec A/S, Copenhagen, Denmark) were soaked in 10% glycerol for a minimum of one hour. The gel was dried between the cellophane sheets in a gel-drying frame (Kem-En-Tec A/S), according to the manufacturer's suggestions. The dried gel was placed in an Exposure Cassette (Molecular Dynamics, Sunnyvale, CA, USA). The resulting DNA product image was scanned in a PhosphorImager ™ (Molecular Dynamics), and the separated bands, corresponding to amplified target and competitor DNAs, were quantified by volume integration using ImageQuant ™ software (Molecular Dynamics). The means from duplicate cPCRs were used for quantitation.
RESULTS
Extraction of Total DNA
Approximately 35 µ g of DNA were recovered per gram (dry weight) of nonsterile marine sediment by using our modified small-scale DNA extraction protocol. The DNA isolated by this procedure was approximately 10 kb and was sufficiently pure to be amplified by TaqDNA polymerase.
Standard Curves
Standard curves were constructed for absolute quantitation of unknown target DNA concentrations. The stan - A B dard curves were created by plotting the ratio of target:competitor PCR-amplified DNA yields, calculated by phosphor imaging of the product intensities, versus the initial target DNA concentration ( Figure 1, a and b) . To ensure correct quantification for sediment samples having low copy numbers of target DNA, only cPCR ratios from nested PCRs were used for the three standard curves, even though the ratios after one round of cPCR amplification were found to be similar (Figure 1c) . Each of the three standard curves were rectilinear over two-and-a-half orders of magnitude. R 2 values for the three standard curves were 0.955, 0.998 and 0.985 for 10 3 , 10 5 and 10 7 copies of the competitors, respectively. The efficiency of amplification of the target and competitor DNAs was nearly equal, as demonstrated by the close agreement to slope = 1 for each curve (Figure 1b) . By using overlapping target concentrations and three fixed concentrations of competitor DNA, we could quantify from 5 × 10 1 to 1 × 10 8 copies of the luc gene by cPCR (Figure 1b ).
Target and Competitor DNA Yields from Sediment
We routinely obtained clean, wellseparated bands of amplified target and competitor DNAs from sediment samples ( Figure 2) . This was the case for sediment samples with the luctarget added as Synechocystis6803-luccells or as plasmid DNA (Figure 2) . No PCR amplification products were observed in control samples lacking lucDNA (Figure 2) . The phosphor imaging procedure enhanced the intensities of weak bands, enabling a large range of product ratios to be calculated accurately (Figure 2) .
The use of different dilutions of sediment DNA prior to cPCR amplification did not alter the cPCR product ratio for a given competitor concentration of 10 7 copies per reaction ( Figure 3 ). Since both target and competitor DNAs were diluted equally, the product ratio was still valid for the standard curve obtained with that competitor concentration.
Comparison of Co -Extraction and Post-Extraction Competitor DNA Additions
We investigated the possibility of adding competitor DNA to sediment after cell lysis and co-extracting the competitor DNA with the sediment DNA in order to overcome variations in DNA extraction efficiency between samples. We refer to this procedure in this study as "co -extraction", in comparison to "post-extraction" where the competitor DNA is added directly to the PCR mixture containing DNA extracted from sediment. Duplicate sediment samples were spiked with 4.2 × 10 6 and 1.7 ×10 6 starved (non-culturable) Synechocystis 6803-luccells, the competitor DNA was added according to the co -extraction or post-extraction protocols and the DNA was amplified by cPCR. For the samples where the competitor had been co -extracted, the calculated number of luc DNA copies was found to be twofold higher than the actual number of cyanobacterial cells added (Table 1) . This difference was consistently observed when enumerating Synechocystis 6803-luc DNA in sediment inoculated with starved cells and could be explained by taking the chromosome copy number into account (see below). Usually, lower calculated values were obtained when the competitor was added post-extraction (Table 1 ). There was considerably more variation between experiments and replicate samples using this procedure compared to the co-extraction protocol, in which the calculated cell numbers were very accurate and precise.
Estimation of Chromosomal Copy Number in Synechocystis 6803-luc
We determined the number of chromosomes in starved Synechocystis 6803-luc to account for the discrepancy between calculated and predicted values of lucDNA copies when the competitor was co -extracted. Based on the results of cPCR ratios after co -extraction of competitor DNA, the luc gene copy number was estimated to be 2.2 ± 0.4 per cell. This accounts for the observed increase in calculated luc DNA copies over that of the known number of cells added to sediment samples ( Table 1 ).
The relative difference in chromosomal copy number determinations at different growth stages was estimated by comparing the cPCR ratios of log phase growing cells and cells that had been starved for 3 days. Two different concentrations of competitor DNA were added "post-extraction" to duplicate samples of genomic DNA. The calculated copy number was 5.8 ± 0.7 times higher for log phase compared to starved cells. This approximates to a chromosomal copy number of 12.7 per log phase cell, which is consistent with published estimations for Synechocystis 6803 (4).
Determination of the Sensitivity of Detection
By co -extracting total DNA from 0.5-g wet sediment samples in the presence of 10 3 competitor copies, we were able to detect luc DNA by competitive PCR in samples inoculated with 10 3 starved Synechocystis6803-luccells.
Estimating two chromosomal copies per cell and a total dilution of 1:50 before addition to the PCR reaction, this corresponds to the addition of approximately 40 lucgene copies to the cPCR amplification mixture, similar to published detection limits for PCR in environmental samples (13, 23) .
DISCUSSION
In the present investigation, we developed a method for quantification of DNA in natural samples (sediment in this case) by competitive PCR amplification. By co -extraction of an internal competitive DNA standard, together with the sediment DNA, it was possible to use cPCR to accurately quantitate the number of luc -tagged cyanobacteria, or luc -DNA copies, present in Baltic Sea sediment samples.
A major obstacle to the quantitation of cells in soil or sediment samples has been the efficiency of extraction of DNA or cells from these complex matrices. There is always some loss of DNA, or cells, during the extraction procedure (7, 9) . Also, there are varying amounts of contaminants, such as humic acids or salts, that inhibit Taq polymerase activity (21, 24) . Another complicating factor is the large number of different protocols now being utilized for extraction and purification of DNAs from different types of environmental samples, e.g. rhizosphere, phyllosphere, bulk soil, etc. There are almost as many different DNA extraction procedures as there are different environmental sample types (e.g., References 1,17 and 22). Therefore, there is a demand for a quantitative method independent of the variation in extraction efficiency, target microorganism or sample type.
With the aid of proper standard curves (15) , and adoption of the co -extraction procedure we describe for competitor DNA addition, variation in extraction efficiency between replicate 516BioTechniques
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To ensure that amplification efficiencies are similar for target and competitor DNAs, we used a nearly homologous competitor having only a 37-bp size difference compared to the target DNA. Because of this small difference in size, there was essentially no difference in amplification efficiency, as demonstrated by the slope of the standard curves (Figure 1b) . The equal effi ciency was maintained over initial targetcopy number concentrations spanning 6.5 orders of magnitude. The use of multiple standard curves provides a much greater detection potential compared to the use of one standard curve with a linear response of 2.5 (11, 25) to 3 orders of magnitude (5) .
We found a slight parallel shift to the right for a given ratio value after two rounds of amplification, compared to one round. However, quantitation by cPCR was still valid throughout both rounds of nested PCR amplification, as evidenced by similarity in target:competitor ratios for a given competitor concentration for both the first and second rounds of amplification (Figure 1c) .
The target:competitor cPCR product ratio was constant even after sample dilution ( Figure 3) . The practical implications are that samples with high DNA concentrations or sample impurities may be diluted and still be quantitated accurately by cPCR. However, for lower concentrations of target DNA, and corresponding competitor DNA, the detection limit of the PCR (ca. 40 DNA copies/reaction) restricts the allowable dilution.
The extraction efficiency of a particular DNA extraction protocol can be determined by comparison of the different cPCR ratios resulting from coextraction or post-extraction addition of the competitor DNA (Table 1) . We found that there was considerable variation in extraction efficiency between samples, with an average of approximately 50% for the Baltic Sea sediment used in this study. The variation in DNA extraction efficiency was accounted for by use of the co-extraction protocol.
The optimal competitive PCR assay should also include a correction factor for differences in lysis efficiency, if cell lysis is not complete. However, in our studies, the Synechocystis 6803-luc cells were effectively lysed, as evidenced by the fact that all of the added luc DNA copies were accounted for in the co-extraction experiments (Table 1) .
Leser and coworkers (5,6) have recently shown that competitive PCR is a promising method for the detection of low numbers of specific, unculturable microorganisms in environmental samples. We have also found that by using cPCR we could quantitate Synechocystis6803-luccells in sediment, even though the cells could no longer be cultivated on agar medium.
Variation in chromosomal copy number at different growth stages of Synechocystis 6803-luc was also determined by cPCR. There was a marked decrease in genome copy number after the cells were carbon-starved. Similarly, the total acridine orange fluorescence intensity per cell volume decreased by a factor of 6 as cells of Pseudomonas sp. entered a non-culturable state after presumed carbon starvation in nonsterile marine microcosms (6) .
The competitive PCR methods we describe could be extended to quantify indigenous cyanobacteria in nature if a suitable DNA region, specific to the target organism, were available for the design of primers and competitor cloning. For example, species-specific regions of ribosomal RNA genes may be appropriate targets for cPCR quantitation in environmental samples, as demonstrated for the quantitation of endomycchorizal fungi in roots (18) .
Competitive PCR has a sensitivity similar to that of normal PCR in environmental samples. In our experiments, we found that phosphor imaging of radioactively labeled PCR products allowed detection and quantitation of very low product yields. Additionally, by using two rounds of PCR amplification with nested primers and by using
